In this paper, a new adaptive controller is developed to suppress chaos and gain advanced speed tracking in a permanent magnet synchronous motor (PMSM) with unknown parameters and uncertainties. The controller has two parts: fuzzy neural and compensatory controllers. The fuzzy controller estimates the ideal feedback control law, while the compensatory controller is used to reduce the effects of the estimation error. With the improved controller design, the controller not only meets the control objective but also surely avoids the singularity problem that usually appears in indirect adaptive control techniques based on fuzzy/neural networks estimation. Finally, numerical simulations are executed to verify the validity of the proposed method.
Introduction
Chaos is a special phenomenon of nonlinear dynamical systems in that the system dynamics is highly sensitive to initial conditions [1] . Consequently, the small differences in initial conditions yield widely diverging outcomes for such dynamical systems. Except sensitiveness to initial conditions, irregular, unpredictable behavior and aperiodic orbits are also properties of chaotic systems. The first study of the chaotic phenomenon in permanent magnet synchronous motors (PMSMs) is given by Li, et al. [2] . Their results indicated that a PMSM can fall into chaos when its parameters lie in a certain area. Since chaotic oscillations can degrade the stabilization or even cause the system to collapse, eliminating and controlling chaos in PMSMs have received much attention from many scholars. So far, various control methods have been developed for chaotic PMSMs, including feedback linearization, sliding mode control, quasi-sliding mode control, and so on [3] [4] [5] [6] [7] [8] . However, they still have shortcomings. Most of them require the exact mathematical models to calculate the control laws, that is, they may not be used when the mathematical models are dynamic due to undesired uncertainties.
Nowadays, fuzzy logic and neural networks (NN) have been widely applied to control engineering. They are considered as powerful tools for modeling and controlling highly uncertain, nonlinear and complex systems [9] [10] [11] [12] [13] . Numerous researchers have developed fuzzy systems and neural networks, and applied them to PMSMs successfully [14] [15] [16] [17] [18] . Although these control techniques can exhibit the good performance in PMSMs, some weaknesses remain. The fuzzy guaranteed cost control method [14] may become problematic when the desired point is not at the origin. In self organizing fuzzy sliding mode control [15] , the values of fuzzy gain scaling factors are not easy to find for a particular PMSM. For the adaptive fuzzy control method in [16] , the controller may get the awful performance if the reference point is not a constant. In addition, the tracking error just converges to a small neighborhood of the origin instead of the origin. Although the indirect adaptive control method in [18] showed the advanced tracking performance, it may face to the singularity problem when the neural network operates in the initial period.
Because the existing control methods mentioned above still have weaknesses and inspired from the potential applications of fuzzy neural networks, we develop a new adaptive controller for a chaotic PMSM to control chaos and ensure the perfect tracking performance in that the tracking error can converge to the origin. The controller uses a fuzzy neural network to estimate the unknown nonlinear terms and construct the nonlinear control law. The effect of estimation errors is also considered and treated by an additional controller. Moreover, the new design of developed controller allows it to avoid the singularity problem that usually appears in indirect adaptive control techniques based on fuzzy/neural networks estimation.
This paper is organized as follows. The dynamics of a chaotic PMSM and the formulation of control problem are described in Section 2. The design of the controller is expressed in Section 3. In Section 4, simulation results are illustrated. Finally, the conclusion is offered in Section 5.
Dynamic model of PMSM and problem formulation
The dynamic model of a PMSM with the smooth air gap can be expressed by the following equations [2] :
where 1 x , 2 x and 3 x are state variables, which denote angle speed, quadrature and direct axis currents respectively.  and  are system parameters. When the external inputs are set to zero, that is,
, the system in (1) becomes an unforced system as [2] . , ), (
The system in (2) falls into chaos when the system parameters are set as 45 . 5   and 20   [2] . Fig. 1 shows the typical chaotic attractor of a PMSM with initial
In order to control the system in (2), we add control input u and we suppose that the system experiences the bounded uncertainties
. Then the system with control input u can be expressed as:
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The control objective is to design a controller that can suppress chaos and allow the output 
where
Since the system in (4) has relative degree 2  r , the change of coordinates
In order to meet the control objective, based on the feedback linearization, the ideal nonlinear controller ) ( * x u can be chosen as: 
Moreover, the zero dynamics is also considered. 
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where   based on the ideal control law (9) can be obtained as
However, the control law in (6) 
where  is a nonzero constant which guarantees that the
is always nonzero.
Since a fuzzy neural network is used to estimate ) ( 
Finally, for stability analysis, Lyapunov approach can be used to ensure the stability of the controlled system.
Simulation study
In this section, numerical simulations are carried out to verify the validity of the proposed method. Firstly, we consider the system without control action and uncertainties. The simulation results show the chaotic oscillations of the state response, as depicted in Fig. 3 .
Secondly, we use the proposed controller to suppress chaos and track the desired speed in the PMSM under the effect of uncertainties. The bounded uncertainties were 
Conclusions
In this paper, an improved adaptive controller has been developed to control chaotic PMSM successfully. Moreover, the new design of controller can avoid the singularity problem and ensure perfect tracking performance in that the tracking error converges to zero asymptotically even with initial phase. Simulation results are provided to illustrate the advanced functions of proposed method. 
